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TECHENIOAL ‘NOTE NO, 988

STRENGTH OF WING BHAMS UNBER AXIAL AND TRANSVLRSE LOADS

By Welter Ramberg, ‘A, E McPherson. and Samuel Levy
L : SUM'MARY"':' [

Wing beams of six designs (figs. la to 1f), referred to
as types A to P, were tested under axial .compressive loads,
transverse loads, and combined axial and transverse loads.,
Type A was & stainless-steel box beam, typese B and C were
178-T and 248~T agluminum~alloy I-beams with parallel flanges,
type D was a 248-T aluminum~alloy I-beam with curved flanges,
type E was .2 17S~T aluminum~alloy I-beam with tilted flanges,
and type F was an AM59S-T magnesiumn~alloy I-beam with paral-
lel flanges. . Two specimens of" each type were loaded in com- .
pression Only. .Four specimens of each type weére loaded by
combined axial and .transverse load with the location of the .
load points so0 chosen &s.to.produce faillure in the central
portion of the beam. The remaining two specimens 0of each
type were loaded by transverse loads alone with the moment
arms of the transverse loads so chosen as %0 produce failure
by bendling in the central portion for one specimen and by
shear in the end portions for the ot?er,

PR r.r_t-

Deflections and strains in the elastic range were in
general agreement with those computed from the simple ‘beam*™
theory after taking account ¢f the’ secondary bending moment
produced by the axiel load as the beam deflected under load.

Failure of all I-beams except some of those tested in
shear was due to local instability of the compréession flange
with extreme Tiber streess at fallure increasing as the ratio
of bending moment to axial load increased, Both bending mo-
ment at failure and axial load at failure decrsased rapidly
with increasing length for beams A, D, and E; there was very
little length effect 1n the case of béams B, G; and F,

The Lnteraotion curves for combinatione of axial load
and bending moment could be approximsted by straight lines.
A procedure is given for estimating the strength under com-
bined axigl and transverse loads of beams similar %o ‘those

RESTRICTED



2 IR NACA TN No, 988

that were-tééted'froﬁ“thé'BErengthé'ﬁhde%”axial load and
transverse load acting separately. The computed values 80
obtained for comblned axial and transverse loads were from
11 percent smaller 'to 14 percent larger than the correspond-
ing measured values.

Comparison. of the strengtheweight ratios shows that
types D and F having relatively ocompact sections were supe-
rior to the others in bHeir ability to resist compression,
bending moment, and transverse shear. OComparison of the
stiffness--weight ratios shows that typee B, C, and E having
relatively thin-wglled sections were stiffest although type
F, having a compzect section, had a stiffness~weight ratio
only 15 percent below ‘the highest.value, which wae obtalned
for type C.

INTRODUCTION

The tests of wing “beams described in this paper form a
portion  of a resedrch program conducted by the National
Bursau of Standards for the Bureau of Aeronautics, Navy
Department, from 1933 to 1944, The rurpose of this program
was t0 gather data on the ultimate sitrengith and deformation
of wing beams of a number of typical designs,

NOTATION
E Young's modulus (1b/in.3) i
. . .3

G = =—=-—— shear modulus {1d/in,*®

2(1+p) . . (a%/ v
W  Poisson's ratio (0.3)
I max%muma rincipal moment of inertia of ocross section

in, L

A cross-sectional area (in.2)

k/AG change in slope of deflection curve, dy/dx, due to
a traneverse shearing force of 1 pound (lb 3)

x coordinate in axialydirectiOn (in.)

y coofdinate in transverse direction (in.)
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f

3 Iength of beam between hinge pointe at” ends, hglf-length
for beams loaded 1n axial compreesiou with flat ends
(in 9 ]

e eccentricity of axial 10ad relative to center of gravity
of seetion (in,).- : :

a distance of each transverse load point from neafer hinge
point at end (in.) . . !

-

¢ distance frdﬁ"peutral axis 0 extreme fibe:.(inu) :

P, axial compressive load (1b)’

Py, transverse load applied at each intermediate load point
(8P, = total transverse load) (1b) ' o

Mb'J}e?ding-mopent due to-transveree.loade only (lﬁ-;c,)
Ww- Geight‘of beam per unit length (1bv/in.)

8¢ .Qeflectipn-etfcepter of beam‘(in;)

8 exiai’ccmpceeeive stress (1b/in.2) .

fy, extreme fiber: bending strees (15/15}3)

e,

fy=f, + £y .=total extreme fiver etreee (lb/in,g)

DESCRIPTION OF WING BEAMS

Dimensions

Tests were made on beams of six different designs res
ferred to in the following paragraphs as types A to F. :
Cross~sectional dimeneions for the six types and details of
stiffener design are given in figures 1la to 1f T

Type A was an 18-8 stainless~steel box’ beem assembled .
by spot-weldlrng formed sheet into the section shown :in fig-
ure la. "~ The beam was reinforced at intervals. of about 2%
inches by channel ~type stiffeners spot-welded to the web.A ‘.

TYpe B was & 173-T gluminum-alloy I-beam with straight
flanges (fig. lb) .The beam was agpembled by riveting two
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extruded T-bar cap=strips to the wedb of the beam, The webd
was stiffened by . channel- tvpe atiffeners epa¢éd 3.5 inches
between centers, .

Type O (fig. lc) was identical with type B, except for
the use of 245-T aluminum alYoy in’ place of‘I7S~T aluminum
alloy.

Type D 'Wais & 245-T “sluminum-alloy I beam with curved
flanges (fig. ld) The beam was assembled by Tiveting two
cap-~astrips to 2 wedb which fitted into a slot in the leg of
each cap~strlp, "There were no stiffenere on the wed of the
beam,

Type B was a 175-T aluminum-alloy I~beam with tilted
flanges (fig. le). The beam was stiffened by stiffeners
riveted to one gide of the web and to the cap-strips at in-~
tervals of about 10 inches.

Type ¥ was an extruded AM59S-T magnesium-alloy I-beanm
with parallel flanges, die M704 (K-8665), (fig. 1f). There
were no stiffeners on the web of the bqam.

Cross-sectional aréas and meximum principal moments of
jnertia were determined from the measured dimensions of a
number of gpecimens of esach type with the results given in
tables 1A to 1F, The lengths of the individusl specimens,
the weighte per unlt length, ani the slenderness ratics are
also given in tables 1A to lF

Load T
Eight specimena of each type Were tested as indicated:
Specimen 1 short column

Specimen 2 1long column

Specimen 3 short beam under ‘combined (predominantly
axial) load

Specimen 4 1long beam under comhined (predominantly
axial) load

Specimen 5 ehort beam under combined (predominantly

transverse) load -
"l‘.-
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Specimen 6 1long beam undsr conhined (predominantly
transverse) load . T. ..

Specimen 7 beam nnder transverse (yredominantly bend-
ing) load AR -
Specimen 8 beam under transverse (predominantly shoar-
: ing) load .

The proportions of axiasl and transverse loads were var-
ied to determine the effect of changes in the ratio of ex-
treme fiber bPending stress t0 total stress. The inlitial
value of this ratio is given as n = f,/fy in tables 1A to

1F, The ratio was increased in approximately: equal stepe
from, 0 for.the column specimens 1 and 2, to 1 for the’ speoi-
mens’ under transverse load, 7 and 8. Two lengths of column®
specimen and two lengths for each combination of axial and
transverse load were included to give an indication of the
effect of changes in length. :

+

Tengile and Compressive Properties of Material

No material was. available for tensille and qompressive
tests- of the sheel in 'specimens 4., An approximate,- partial,
description of the compressivé stress~strain curve .was oba
tained from the test.of the short column specimen LA DYy
plotting average strese;against average strain (fig. Ba)
The plot indicates a jfoung!s modulus of about 27.3 X 10° l‘%“
pounds ner square, inch. Tensile’ properties of flange and -
web material of the beams of types B to T were determined”bn
standard gpeoimens (reference 1} with the uge of 2-inch ..
Tuckerhan~ optical straln gages for meaeurlng strains. : Phe:
results ate ‘given in figures 2b to 2f and in table 2. Gom—
pressive properties of the flange materials of beamg B-to F
were obtained by pack tests (reference 2) .with results given
also in Irguree .2h to 2f and in table 2.

Fy

.The naterial appeared to be homogeneous in propertles
except .for ‘begms of type B, For these beams the material A
showed eegregation into high-strength and 10w~strength - b:'j
flanfe materlal as. brought out by figure 3e. Folished an@ . 1Y
etched’ transverse sections showed th&ét the lowsstrength: ma-
terial’ was comnosed of very large- cryetais while the -high<:""
strength materiar had the usual appearance. The large graln o
slze- Was dscribed to abnormal grafn growth durlng fabrication )
or heat treatment. ' . . '

.. 14 - .. .

! > S - -
.§. . cae otk
- !

}
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The tensile yield strengths for the material in beams
B to B were from 9 to 20 percent greater than the compressive
vield strengths of the same materiasl. For beams F the yield
strengths were nearly the same“in tension and compression,
The values of Young's modulus in compression for the materials
in beams B $o0 F were from 1 to & percent greater than the
values in tension, Blongations ranged from 9 to 20 percent
in 2 inches.

TESTS

The test procedure was changed as improvements in tech-
nigue were made during the long 1nterval covered by the
tests. . )

Specimens under Axial Load

Test procedure.~ Three kinds of end conditions were used

in the column tests. Specimens 1A and 1F were tested be-
tween flat ends as shown in figure 3; specimens, 1B, 10, 1D,
24, 2B, 20, and 2D were tested between ball~bearing !pin
ends" as shown .at A in figure 4; and specimens 1B, 2E, and
2F were tested between knife-edge pin ends as shown at A in
figures 5 and 6., The equivalent length 1t of the columns
weas taken as half the length between flats in the flat-end
tests and the full length between axes of rotation in the
pPin-end tests,. For all the specimens except 24, for whilich
no strain gage measurements were made, the individual strains
at the ends as measured with four Tuckerman strain gages
were within 10.percent of their average value.

Lateral guides were used for all long specimens and the
short specimen, 138, to prevent buckling about the axis of
least stiffness, A "ball type" of guide shown at B in fig-
ures 4, 6, and 7 was used in testing epecimens 1E, 2B, 2C,
2D, and 2B, This guide had a coefficient. of friction of
only 0.02 for motions parallel to the web and was essentially
rigid in a direction perpendicular to the web. 4 "cage type'
of guide shown at B in figure © was used in testing specimen
2F., This guide could be_moved on the specimen at ell loads
without binding. A guide consisting of angle lrons clamped
t¢0 a channel was used in the test of specimen 2A, No gnide
was used in.the tests of the relatively short specimens," 14,
1B, 1€, 1D, and 1F as it was expected that these specimene
wOuld fail by local instebility before column failure about
the axis of minimum moment of inertis,
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‘The straln .at the middle portion lof the specimer was
measured with four Tuckerman straln gages, .except in the
case of specimen 2A, These gages are shown at A on flgure
3 and at C on figures 4, 6, and 7,0 ] wiin oo R

Results of axial load tests.- The loads, average
stresses at feilure, and the: type .¢f ‘fallure 'ére 'glven in
the summary %tebles 34 to '3F, :The type of feilure is also
apparent from the phctOgraphs of specimens after test (figs.'
8a to 8f), - . B

Average~et&esb values were obtained frOm the straln~-
gage readings® mbde in the tests of beams of types B to F by
converting each individual strain intd s8tress with the help
of the compressive stress-sfrain curve of the material (figs.
2b to 2f):i: !Im~the case of specimens of type A, no stress-~
strain’curvé of the material other than “the- tést of speci—
men 1A was.available; 'so© no comparison was possible. ' The
average stfess for specimens of types B to ¥ is&'compared
with the average stress P/A, obteined by dividing the load
by 'the original area, in-figures 9a to 9e. The average
axlal stress in the flanges, as measured by the gages, was
equal t0 the computed.average- -stréss P/A up t0 a certain
eritical value which ranged from: gboit 8000 1b/in.2 for the
specimen .of types B’ and C to about 230,000 1b/in.2 for the
specidens of type D, - ‘These eritfeal stresses corresponded
roughlybo the stresses at which -buckles were first observed
in the webs of the specimens, The increase in average flange
stress«dbove the critical stress is attributed to a iecrease
in thé:Load-carrying capacity of the web after ‘buckling:.

v & F ., o
o3 Theoretical !values for the increase 'in flange ‘stress ' -
due to:buckling of the web are shown as ddtted curves in" '
figures 9a to 9e. ! 'The upper dotted curve assumes that the
web is rigidly clampsd at the flanges, while the lower curvs
assumes simple support at the flanges. The actual restraint
is between ﬁhesextwo extreémes, . .

The .curves for figures 9a and 9b {(close spacing of
transverse stiffeners) were computed on the assumptlon that’
the load after buckling is given by HMarguerre's approximate

formula (reference 3): T wga
i T
wil -"—'e . . ~
—£ = [-8L R R ¢
Yo 5 € A T S U L

where
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R S
we/wb ratio of effective width td initial width of wed be-
tween flanges. .
e/ecr ratio of straln in flaﬁgeé to critical strain for
buokling of.web , .

This formula was”used'since no specific solution is avail-
able for a web having ¢losely spaced transverse stiffeners,
The curves for figures 9c¢c, 94, and 9%e (wide spacing of trans-
verse stiffeners) were computed by replacing the full width
of the wed by an effective width: the wvariation of which with
the axlal stress ‘was oomputed from theoretical solutions for
the buckling of 's plate without transverse stiffeners (fig.

6 -of reference 4 and fig. 8 of reference B5).

. The obgerved points fall between the theoretical curves
within the error of observation, except, that at high loads,
vyielding of the material causes the points for specimens 2B
and 2 to fall bdelow the lower of the two theoretical curves.

Visual examination of specimen 2A showed bending about
the axis of least stiffness,. Examination of strain readings
at the flanges for specimeng 1B, 16, 1D, 2D, 1B, ard 2E in-
dlcated either twisting of the. flanges toward each other or
appreciable bending about the axis of least stiffness.
Bending about the axis of least stiffness may have resulted
in a reduction of the load at failure. An estimate of the
load at fallure which would have been attalned in the absence
of thisg bending was derived from the tests uhder combined
load (gee section under EBffect of Length on Loads.at Failure
for Column Specimens 1 and 2); The valnes for beams 1B, 10,
1D, 2D, 1B, and 3F are given in parentheses in tables EB to
3E; no estimate could be obtained in the case of beam 2A
since strains were not measured on the combined load speci-
mens 8A to GA

Examination of the specimens after failure (figs. 8a to
8f) shows that the final failure of the box beams A was by
local buckling of web and flanges, while that for the I- beams
B to T was by local buckling of the flanges. :

In view of the small effect of length on the load at
faeilure indicated by a comparison of results for epecimens 1
and 2 of types B to ¥, it is probadle that this local dbuck-
ling was the primary cause of failure in all column speci-
mens with an I-gsection,
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e “' 2L LR NN ) .oy '.
;;5 ,1Tests under qubﬁne¢ Axial ‘and Tranave se Loads

catood o B b
r

LI

Test.prOGedure.~ Loads: were applled to the specimens hy

two .Aifferent machines.” Th'e' ‘machine ‘shown in’ figure 10 was!;
uged in- testing alli the' combined load specimens .of btypes A,rt
B,. and- - and: specimeds’ 4D"and*'6D. End loads were applied t04
the gpecimen A.with the hydratlic jacke B at a small angle
with the axis of the beam. The vertical component of these
end loads was reacted by the tension members C. The axial
and tnansverse. loads weré*aompdted from the measured load on
the platform.scale.-D and- the geometry of the'system, The
effect of .fniction at thé bearing E between the Jack carriage
and its support was minimized in all tests except that of
specimen 40 by moving the carria e to equilidriym.by hand.
The load measuring system wes ‘chedked by . 4 proving ring and
found to measure axial loads within 0,56 percent, No check
was made on the accuracy of memsuring transverse loads. The
fizxture shown in figure 11 was used in testing all the com-
blned load specimens of types B and F and specimens 3D and
5D, The fixture applied end loade and transverse loads %0
the specimen A at B and~C, respectively, by the built-up
angles D, These angles were in turn loaded at pointe E by
the testing machine F, The line of loading of the angles
was displaced a short @istance from the cepter line of the
beam, and the moment on the angles resulting from this ec-
centriclty of axial load wvas ‘eountéracted by the tension on
the pull~rode C and = transverse sheer at B. Thin flexure
rods were used to flozt the’ fixture in a horizontal plane to
prevent loading of the specimen by the dead weight of the
fixture. This dead weight was epproximately 1600 pounds. .
The accuracy of measurement of both the axial and transverse
loads was within the accuracy’ of the testing machine (error
less than 1 percent).

The ends of the specimens of types A, B, and 0 and of
specimens 4D and 6D were loaded through ball bearing pin
ends as shown at F on figure, 10, The ends of the specimens
of types B and F and of specimens 3D and 5D were.loaded’
through knife—edge pin ends.’

Lateral guides were used in the tests to prevent buck-
ling about the axis of minimum stiffness. The "iron-bar .
type" of guide shown at G in figure 10 was used in testing
all the specimens of types A, B, agd G and specimens 413 =and
6D. This guide was adjuste& durin %est barely to make con-
tact with the specimen., The ball type of guide shown at B
in figures 4, 6, and 7 was used in testing all the specimens
of type B and specimens 3D and 5D. The cage type of guide
shownFat B in figure 5 was used in testing all specimens of
type F.

i
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Deflections” awd 1o bbaaths ‘weke measured from & refer-
ence systen cOnnectpd to the heada of the specimen, In the
case of specimens ‘of types A, %, and ‘6" and of specimens 4D
and 6D deflectionb Ware® measured %0 the nearest 0,01 inch
from a taut wire: For the remaining specimens the deflec-
tions were measiired to the nearest 0,001 inch from a straine-
free referende Bafr, ' The measured defléctions were corrected
to give the! deflectlons relative t0-a line connecting the
plin.ends, .

- Strain was méasured near the center of the specimens of
types B, 0, D, B, and T by one or two pairs of Tuckerman
strain gages. No strains were measured on specimens of type
A, R : ' o

.Results of coémbined l1load tests.~- The measured center de-

flection of the begms under combined load is compared in fig-
ures l3a to 12f with the theoretical deflection computed
from the formula

L P
5. = P - 48°%) + B _ 1 - =C 2
o= b [24.@1 &) ABG‘J/< P, (2)

where Pya (31° = 4a®)/2481 1is the deflection due to bending
alone, Pyb/A G 1is the deflection dus to shear alone, the

factor 1/(1 - P,/P,) talkes account of the approach of the -
axial. load to the eritical load, and

P

Pg + Huler buckling load, taking sccount of, Bhearing deforma-
tion (see p, 139 of reference 6)

nfﬂ/(l.,.___ *E)
e 12

Ag = Bt effective area subjected to uniform shear (see

1.2 PP. 126, 127, and 189 of reference 7)
h web depfh‘ |
t -weﬂ thicknéés
b length of beaw 8subjected to shear between loading head

and transverée load point

'
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The results, figures 12a to 12f, show that on the average
the observed and calculated deflectione agree for stresses
in the elastic range; however, the scatter is very large,
Bven in the case 'of specimens 0f types B and E which showed
the least scatter, the maximum difference for-low stresses, .
is 10 percent; while the maximim difference for specimens of
type A, which showed the greatest scatter at low stresses,
is 35 percent. This scatter is attributed to friction in r
the lateral guides and to friction' in-the test fixture shown
in figure 10, TFrioction should be negligible in the fixture
shown- in figure 1ll.

e RBrra

The measured extreme fiber streseesiEfisl are compared
in figures 13a to 138 with the theoretical values‘ ftl ob-
teirned by»subetitution in the simple beam formula:

=oat

ST . ft' ‘= f..c_-l- (M‘b + Pcéc)c _-,-' - (5)
1. x oo .1 SR
where %, is the extreme fiber stress-at center,of. specis

men, No ‘comparison is given for specimens of" type A or for.-
specimen 4C since strain gages were not used in testing .
these specimens, The measured and calculated stresses for ;-
21l specimens agreed within 10 percent for stresses below
20,000 1bv/in®, At stresses higher than this, buckling of
the web caused the bbserved .shiressee 30 be larger than the
calculated stresses for some of the specimens.  The maximum
difference was 18 percent far specimens 3B and 3C., NBlke
(reference 8) found that :the. extreme fiber stress for dbuck-
ling of ‘a simply eupported web in the elastic range inereased’
6.7 times in going from.pyrs, column loading (n = Q) %o pure
bending (n = 1). The specipens of types B, C, and F which
showed signs of web buckiing all buckled at stresses in. the.
plastic range, 80 that: no. quantitative check of Nbélke's
theory ¢ould be made; hpwever, the experimental results.do
check qualitatively in- showing an increase in critical stress
with increase in the ratioc =n of beanding stress to total
stress,

The axial loads, bending ﬁomente, center deflections, .
and extreéme fiber stresses st failure are given in tables 34
to 3F, - The types of failure:gre indicated in the last column
of these tables and are shown in the photographs of speci-
mens after test (figs. 8a to 8f) * Fatlure was due to0 local
instability of the flenges for all epecimens under combined

Ly
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exial and transvérde load.- Extremé fiber 8tregsses at fallure
were computed by’ three méthods. .

3

1, The theoretical axtreme” fiber strees ft was Ob~

tained from equation (3) with’ equation (2) used
to_compute 8ae

3; The semiempiricél extreme fiber strees ft was Ob-

. tained from equation (B) with- the use of the ob-
gserved value of 8,.

3, The ‘empirical extreme fiber stress “fts was obtained
by converting readings of extreme fiber stiraln
into stress with .the use of the stress-strain
curves given in figures 2b to 2f,

i The stress at failure, according to all three methods
of computing, shows a tendency to increase as the loading
passes from axial to bending loads, This indicates greater
stability of the compression flange under bending loads than
under either combinad or gxial loads.

Beams under Transverse Loeds.

Test procedure. .Tests under transverse loads were made

on specimens 7 "snd B of eaoh Yype of wing beam, For speci-
mens 7, the transverse load Wwas applied at the third points’
80 that the mid3le third of 'the beam was subjected to a con-
stant bending moment., TFor shecimens 8, the transverse load
wes’ applied- at points close enough to the ends to make failj
ure in shear in'‘the outer portion more likely than failure
by Vending i the .center portion, Specimen 8F failed in
bending rather than shear in spite of this,

The method of applying transverse load to specimen BF
i® shown in' Tigutle 14, The specimen 4 is loaded by pull=~
bars B in an upwaYd direction and By pull-tarz € in a down-
ward directlion, The outer portions D are aubJested to com-
bired bendin# and transverse shear, while tne cen ar portion
is subjectsed to Puré bending. The connectrons g were formed
by pins Fittings 1ebeeiy 'in overeize holes. Eoua}; ers F
were used %o %hbply 2ohd %o the" specimen symmetrically. " The
load was- anplied hhﬂ’m%asured by the teetlng machlne . The
error of thish machine wasg lees than 1 percbn% ,

RN
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Lateral guides to prevent ti pin of the beam as a whole
due to lateral inh%ebilizy were. used fh _tésts of specimens 7.
These specimens"Were -1dag, éhbugh o ﬁake restreint agalnst
latersal instabiiity”hdvisable, -The guides were of the "angle-
iron type" for tedfd”'6% spécimens 7A, 7B, 70, .7D, and 7B, and
of the cage: type- fer test of specimen 7E In all cases the.
guides were adjusté& to barely touch ‘the sldes.of the beem,h
end to.offer e miﬁtmum restraint to motion in theﬂplane af ..
the. "’e‘d - TR e . . : 4

. - v "AJJ' - . . ‘o v

Deflectian of .-the specimen was measured by dial micro-
meters H wlth respect to the strain-free reference bar I.

AU S -'1"'5.".

Strain :An ;the flanges was measdred by Tyckerman strain’
gages J for.specimend‘?ﬂ 7F,--8%, and '8¥.,” The gages were
attached near the:'center ‘of. epecdmens 7?8 and ?F and near ‘the
center of the shean day: of specimens BE and 8T, The gages'
on specimens 8E:and- BF: iwere attached to measube the &ffect
on the=f1ange stresses of diagonal %ensibn in the she?r bays.

¥ vy otk w4 i v

Results. of transvarse load tests.- The observed center Je
deflection of specimeng=7A to 7F- is compared ih figure.1B. .. ;.
with that.caloulated f#om equation”(2)., The measured and
calculated deflections a reed within 7 percent for. flange
stresses below 30;000 1b7in.?, Above this stress yieldingdq,n
of :the ‘material caused ‘thg observed genter defleotién to ex--
ceed the calouleted ¢éntér aeflecﬁton.=_, _ C v, L4

'’
-+
. H ¥
- 3 ’
~ g.r, !,‘ . F
&
-

mhe obeerved eenter?deflection of spedimend 84 to 8t i
is compared ;in figure:l6 -with that calculgted from equetion ,l
(2)... .Theobserved =nd celoulated deflections dgreed within .
8 pergent ~for -averege ~shedr stresses berow about 3500 1b/ips -
Above this stress, buckling 'of the web as well as ‘yielding
of the material caused the observed center deflection to.:in~
creaﬁe;mpre rapi&ly Hhan” ?he cq}culated center aeflect;op- .oty
Lo rrd FH | " .- P 4
.uwhe-avarags extreme Tiber ‘Ftressed bbtained friom straiﬂ;'
gage -readings, near:the thhter -0f specimen 78 and ;F ATE .. .
compared” with the waliues:cohputed from tﬁe simple behm theorg :
in figure.17.; The tWwor'yalues Were.in cldde agreemgnt3 the.,
maximum. deviatiOn being-less than 3 peréent.

st
~ 4 e - ".5:{ mt
e . o

ey,

The extreme fiber stresses obtained-from: strain gageé
at the center of the shear bay in specimens 8E and 8F are -
compared with the values computed from the simple beam thsory
in figure 18. The stresses for specimen 8B agree within 10
Percent up to an average shearing stress Pyp/4A of about
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2700 1b/in,2 at which d&agonel Wrinklea bgcame noticeable in
the shear wegli (See figa Be,) The divergence above this:
10ad. may be expiained ae*follaws. ‘The horizontal componeht
6f the diagomdl’ teneion 1n“%be shear ‘wrinkle must be bal-
. anced by compressive fbrces aeting on the flanges; these
would lower: the tensile.etress dAn the tension flange anpd:~
raise the compreegive gtress in the compression flange. The
‘stresses’ for specimen 8F agree within 10 percént except: for
" values ©of average shearing stregs’ Pb/A below 1500 1v/in.%,
No ehear wrinkles were observed in specimen €F
" N :

The cOnditione at failure af‘speeimena;under transverse
load are given in tebles.34 to 3B, JFallure was due to in-
stebility of the flanges for specihensg: 7A to-7F¥ gnd for
specimen 8F, For specimen 8A, failiurs. was darve to buckling
of the shear web; while for epecimens 8B to 88 fallure was
preceded by severe diagonal tension wrinkles in the shear
web. The tension-developed by these wrinkles caused fail=-
ure of rivets connecting wedb to flange in the case of speci~
mens 8D and 83, buckling of the compression flange in"the
case of specimen 8B, and rupture of°the shear.web through a
rivet hole at a web stiffener in the case of‘beam L1

i

Bean 70 tipped suddenly when subjected to =& bending mos

ment of 55,800 pound—inehes because the lower gndeTof eeferal
of the angle-iron type guldes ceased to be. efiective‘when,1

v

the specimen bent sufficlently to bring the lqwer flangeqbeﬂh

low the guides. The short guides .were repraced by longer
guides and the test was continued. The beafh £inally failed
at 67,580 lb—in., This is a low value for thia type of beanm,
end it is probable that the sudden tippingnin the” firet teet
caused premature failure upon reloading. wo ¥ .
. R

The shear loads at failure, the averagé shearing atreas
at faillure, and the. ehearing stress obtained” by. dividing the
load at failure “Pﬁ by the area ht of a rectangular gec~
tion having the -height of the beam section -and the thickness
of the web, are given in table. 4 for specimens 8A to 8F,
The average shear stress .P,/4 -ranged from 2420 1b/in.a for

specimen 8F to 9860 l'b/in,a for.specimen BA, ¢ 5he average
stress Py/ht ranged from 5230 1b[1n, ”for ebeqimen BF .to

36,480 l'b/in.a for epecimen 84, 'Aﬂx e, é' AP
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" .. ANALYSIS
Sfiffﬁéss

e

. The deflection of & beam at low loads may.be computed
from the simple beam theory if the load, the length dimen-
siong, the moduli &, &, and the section constants A4, I,
and k, where k denotes the shear constant, are known.
Comparison of calculated and observed deflections in figures
12 t0 12f, 15, and 16 below stresses for which yielding was
appreciable shows that the differences between observed and
calculated deflections did not exceed 10 percent for most of
the observed points, This indicates that the section con-
stants, ;determined. from the dimensions of the sectlon with-
out regerd for web buckling, are adequate in determining de-
flection, Low observed deflections for specimens BA, 4C,
and .4D .were attributed to excessive friction in the machine
shown in figure 10,

A gimilar comparison of measured and computed extreme
fiber strains or stresses (figs, 9B to 9F, 138 to 13F, 17,
and 18) shows that the section constants determined from the
dimensions of the sections are adequate in determining extreme
fiver strain or stress at low loads,

By reversing the argument, measurements of extreme fiber
strain at low loads may be used to determine the section con-
stants A and I Dby substitution in the following equations
taken from the simple heam theory: _ ' !

s ' P Myph
= - =L . b
%2 A 21
P, Myb (4)
°2 =T YT
0,,0; = extreme fiber stresses, positive whern temnsile h
= height of section
Solving for A gnd I gives
. 1
R A= -2
v T ol/Pc * 02/'?0
(5)
I = - h

Ty /My = 05/My
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These formulas were applied by using the measured strain to-
gether with the tenslile and compressive stress-strain curves
(figs. 2b to 2f) to deteruine ‘o, and 0z and by substitut-
ing for o/P, and o/M, values of the slope of a straight

line faired through a plot of © versus P, rand O versus
M, at low loads., These values are compared in table 5 with

the values of A and I computed from measured dimensions
of the cross sectlon. The averages of the measured values
were from 5 percent less to 3 percent greater than the com-
puted values. Thils indicates that the simple beam theory
gives accurate values of extreme fiber stress at low loads
for the beams included in the tests.

Dimensionless stiffness ratios for each type of beam
were obtained by dividing the stiffness of each beam by the
stiffness of a hypothetical bsam having a weight per unit
length equal to that of the specimen, TFor convenience 1t was
assumed that the hypotheticael beam had a rectangular section
with depth equal to 12 times its wildth and that it consisted
of aluminum alloy with a Young's modulus E, = 10,5 x 10°

1b/in.? and 'a density Y, = 0,1005 pound per cubic inch.
The dimenslionless stiffness ratio is therefore

\ e

o .2

Bow _ -
(.EI)/(EOIO) = (BI) (":\‘(2"5-\ = 9,62 x 10 1o BL
- )

Values of this dimensionless ratio are given in table 6 for
purposes of comparing the effect of section shape and mate-
rial on the stiffness. The weight w per unit length in~
cludes web stiffeners but excludes loed fittings, The lowest
stiffness ratio, 3.41, was found for the 245-T I-beam D

with curved flanges and thick wed and the highest, 5.89, was
found for the 248-T I-heam .0 with parallel flanges and

thin wedb,

Effect of Length on Loads at Failure for
Column Specimens 1 and 2
The effect of lengﬁh“oh'the-load at failure for thse
solumn specimens 1 and 2 is shown in figure 19. The abscis-

sas and ordinates in this figure were taken from reference 9,
they are dsfined as:
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.-' Tt . o R L . .- £ 5 o
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where
r maximum principal radiiis‘of gyration of section

F,, compressive yield strength of flange material (offset
= 0,2 percent), except for specimens 1A, 24 for
which no yield strengths were measured, and for
which ¥F,, was taken as the average stress at fall-
“ure for specimen 1A.
vt [ ‘

f average stress at failure

The open points in figure 19 represent values corrected
for loss in strength due to premature failure by bending
about the mxls of least stiffness. . The correction was made
by estimating the load at which the extreme fiber stress in
the beam would have reached a critical value for local dbuck-’
ling in the absence of 'bending about the axis of least stiff-
ness. Approximate vaelues of the critical stresses for local
buckling were obtained by averaging the measured extreme :
fiver stress at failure given as £y, 1in tables 3C to 3E.":-

- .-~ The points lndicate an appreciable length effect for ..,
beams-4A,. D, and B. The average stress at failure for beams
B, £,.and F. was nearly independent of length. - Specimens 1D .

and 1E were perhaps too long to give the short column strsngth
which may have beern up to 10 percent greater than the corrected
load at fallure.

'"Strengtthatio

In order to compare the strengths on a nondimensional
basis, strength ratios for the specimens were computed as
the ratlo of the strength to the strength of a hypothetical
beam hagving the same welght per inch, w, as the specimen.
It was again assumed for, convenience that the hypothetical
beam had a rectangular section!with depth equal to-12 times
its width, Furthermpre, it was assumed that the beam would
fail when the extreme fiber’stress réached 40 000 1b/in.2 or
when the. shear stress reached 24,000 1b/in 2, The density of
the hypothetical beam was taken as 0,1005 1b/inB, which is
characteristic of aluminum alloy. On this basis the axial
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load at failure P, for axial loading, the bending moment
at failure M, for flexural loading, and the shearing foroce
at failure Qh;, for transverse shearing, is given by:

I

P, = 898,000 w (1b)

725,000 w®’® (1b-in,) (6)

=
>3
f

238,800 w (1b)

£
]

The strength ratios were computed by dividing the meas-
ured strengths of the specimen by the strength of the corre-
sponding, hypothetical beam. Corrected values for P, and

My, "68 indicated in parentheses in tables 3A to 3E, were
used.

The strength ratios are ligsted in %table 7. Type D has
the highest strength ratio under axial load, type F has the
highest strength ratio under bending load, and of types A to
E, type D has the highest strength ratio under shear load.,
Type ¥ should not be included in the shear load comparison
sirice none of the beams of type F failed in shear,

The strength ratio under combined loads is shown in fig-
ure 20, Only those values in table 7 which were not marked
as questionable are plotted. Type F has the highest strength
ratlio urnder combined axial and bending loads. The interac-
tion curves for combilnations of axial lcad and bending ap--
pear to be nearly straight lines within the scatter of meas-
urements,

GOMPUTATION oF STRENGTH UNDER COFBINED AXIAL AND TRAVSVERSE
LOADS FROM SHORT GOLUMN STRENGTH AND FROM STRENGTH IX

PURE BENDING

The interaction curves fitted to the observed strength

P M .
ratios Pc ﬁi are shown in figure, .20 to be straight lines.
h h

This fact may be applied as follows to compute the strength
under combined load of wing beams similar to those tested.
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Make a short column test of the wing beam t0 determine
the short column strength P,q, A specimen with a slender-
ness ratio 1/r of around 10 is probably adequate for this
purpose. In some cases specimens of two or more lengths may
have to be tested to. agcertain that fallure was free from
column action.

-Maké a pure bending test to determine the bending moment
at failure M. -

LY
- -

+

The ratio of exial load at failure Pc and of total

I L

bending moment at failure My t0. Pyp and:- Mg, respectively.
is given by the interaction equation! ' 't

o PolPoo + Mgl¥g =1 SRR " (7)

co

The total bending moment
o A A A ‘
" R N

M, = M7 + P 5 (8)

Osgood (reference 10) detévmines K for the case of round

steel tubes by deriving an empirical relation between the
observed value of.the Fatio of total bénding ‘moment t6 'Pri-
mary ‘bending moment *My/My ' and the value of * (M /My) .1,
computed from the elastic beam theory. In order to derive a
similar relation for wing beams, values -of

v

M W,P (6.)
( t) yoetoc calce (9)
calc My )
o T geral

were cphputed for each wing beam specimen from i

Lo f s I N - TR TR
Po i an g.gxial 10ad at failure (1v). . ,F-'. . TS

Lo BN A
Mb C primary bending moment at failure (1buin) [

(84)caic + center deflection from, equation- (2} (in.) s

Values of the ratlo My /My of the measured loads at failure,
were obtalined from egquation (9) by replacing (5 )cala. by the

experimental value of the center deflection at failure as
given in tables ZA to 3E,
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The values.of My/Mp are plotted asgainst (Mg /Mpdeale
in figure 21, . The'puinte scatter about the straight line

sl e S
P ey

My [ My 2225, 470 (Mg /My) ggng ~ 0.470 (10)

It must be remembered in ueing this straight line relation-
ship that 1t represents an empirical method of taking ac-
count of the increased deflection due to ylelding of the ma-
terial.. It does not necessarily apply to other sections
than those tested or to beams of materials the stress-strain
chrves of which differ greatly from those of figures 2b to
2f, An example will be given to show how to compute P,

and My for a beam for which F,, and M, are given. The

method is =z solutlion of equatlion 7 by trial and error.

Example:

Consider beam 6B for which the ratio of primary dbending
noment to axial load ias fixed as

= 65,60 in, (11)

'd'ﬁ
(<

c

and assume that a short-column test and a pure bending test
of a beam of this type were made and that these tests gave

P, . = 22,300 10

o0 (12)

M

o = 6‘4.380 1lb—in

These values correspond to the estimated loads for fallure
without lateral bending (table 3B). Values of (ac)calc

for three trial values of P, (P, = 6000, 6310, 6500 1b)

were computed by substituting ‘the known dimensions and sec-
tion constants for beams of type B in equation (2). The
results are plotted as curve & in filgure 220

The primary bending moments My corresponding to the
trial values of P, were computed from equation (11) ana
the ratios (Mt/Mb};élc from equation (9), These ratios
are plotted as curve.B, The values of Mt/Mb were derived
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from equation (10), They are plotted as curve C in figure
22. The corresponding values of X,/M, are plotted as

curve D and the values of P, /P,, as curve E, Ourve F
shows the sum

P, - M : : '
_° .t : (13)
PGO MO. )

The value of Pc cortesponding to the interaction curve

(equation (7)) is then given by the abscisss for which curve
F is equal to unity. This gives .

P, = 6380 1b L (14}

and from egquation (11).

My = 6.5 x 6880 = 35,100 1o-in (15)

The measured axial load and primary bending moment at £fail-
ure were from table 3B: =

P

s = 6310 1b -

. My = 34,700 Tb-in N ¢ ¥ )

The values are in close agresment with .the computed values. .

3

The- procedure illustrated in the example was applied %o
all wing beams tested under combined load in order to obtain
an egtimate of the errors, .o

The results based on corrected values of P,,, ¥, are

given in table 8, The maximum difference between observed
end calculated loads at fallure was equal to 14 percent.

National Bureau of Standards,
Washington, D. CG., Jannary 20, 1945,
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. Table 1A
Dimensional Properties
Beams A
1
Specimen y length Welght A 3 2 2/
NoO. n = en, e per r
T unit length Tmax
1n. T671m. ™z T
1A 0 22 .1142 0.384 1.85 4,89
2A 0 72 ———— L.B70%| 1.84% | 32.3

34 0.334 72 ———— .370%1 1,84% | 38,3
4A .185 120 370X 1.84% | 63.8
SA " 668 72 .370%| 1.84% | 32.3
6A .668 120 370X} 1.84% | 53.8
6A(Dupl.) .684 120 37 1.84% | 65.8
7A 1.000 72 .1l2est e | 1.87EX | aeee
8A 1.000 48 <1337+ ~—=e | 1,87%X| —ue-

fb _ extreme fiber bending stress
1 n =3~ §5tal extreme T1ber Bteas — + ot lov loads
Tpax ™ maximum principal moment of inertia of seotion
3 A = cross-sectionsl area
4 JZ/r = slenderness ratioc = -eW/A/Imax
+ including fittings
x Zfrom nominal dimensions of section
XX from load-defleotlon curve of beam 7A.
Table 1B
Dimensional Properties
Beams B
Specimen th 1 3 2 4
To. o= length | Weight per A *| Ipeg L/r
1) unit length
T, T5/18 ine %
1B (o] . 29.7 +«1000 ———— ———— .

" 2B 8] 72.0 .09888 ———— -———— .
3B 0.369 72.0 <1116+ 0.819 5.70 7.2
4B « 347 120.0 «1048+ «792 5.45 45,3
5B .698 72.0 .1114* .818 5.63 27.2
6B «706 120.0 - <1049+ . 799 5.55
7B 1.000 72,0 .1214%

&B 1.000 48,6 « 13028+
- Ib _ extreme fiber bending streas
1 B =g = Total extreme Tiber atress ' o 1oV loads
Iyax = meximum principal moment of lnertis of seotion
% A = oross-sectional areas’
4 42/r = slenderness ratio = ,B-JA/Imx, where the values A =

0.802 in® snd I = 5.83 in* were used for all the specimens.

A = 0,802 in® is praotically'equal to the average of the measured
areas; Ipg,y = 5.60 1n% 1s about 1 percent higher then the average
of the measured values and was derived as that velue of I which
gave the best fit to the observed load-defleoction curve for

speolmens 7B and 8B.

+ inoluding fittings

a3
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Table 1C
Dimensional Properties
Beams C
£ 1 3 2 4
Specimen n= length welght per A T, L/r
~ No. Tt unit length mAX
in, ~1b/1in. in~ in%
ic 0 29.7 0.0983% e | —me= | 11,2
2C 0 72.0 0977 —— ———— R7.2
3¢ 0.373 72.0 ——— .810 5,60 27.8
4C » 347 120.0 .1048% .814 5.58 45.3
SC 899 72,0 «1109+ «795 5.49 27.2
6C «706 120.0 .1019% . 782 5,37 45.3
7C 1,000 72.0 .1198+% ———— ————— c————
8c 1.000 48.6 1274 ——— ———— ———

= £p . extreme fiber bending stress
i » f% Total extreme Tiber stress - &b 1o¥ loads
Ipex = meximum prineipal moment of 1hart1a ol section
A = cross-seotional erea
4 f/r = slenderness retio ={yA/Ip.,, where the values A
= 0.808 in® and Ip,y = 5.65 in® were used for all specimens. A =
0.802 in® 1is practically equal to the average of the measured areas,
Inmax = 5.63 1n4 1s about 2 percent higher then the everage of
the mesgured velues and was derived as that value of I which
gave the best it to the observed load defleotion curve for
specimens 7C and 8C.
+ineluding fittings _
Table 1D
Dimensional Properties
Beans D
ol 3 2 4+ |
b length | weignt
ecimen | n = per A I 2/r
SPNO% T unit length+ max
in. 1b/1n. ine in%
1D (4] 20.8 0.108 ———— - 7.1
2D Q 85.8 «108 ———— —— 37.8
3D 0.358 41.0 «126 0,885 2.70 25.8
4D 336 54.0 <109 .873 | 2.63 31,0
5D «69L 41.0 «185 898 2.71 23.68
éD «89L 54,0 «109 869 2.66 31.0
7D 1.000 54.0 «130 ——— ———— ———
8p 1.000 18.0 «193 ——— ——— ———
fp _ extreme fiber bending stress
1 n =32 = $5tar extremc Tiver Gtress - ot low loads
2 Imgx = maximum principal moment of inertia of section
3 A= oross-seoiional aree
4 £/r = slenderness ratio -ﬂ#i?:max. where the average values

A = 0.881 in® and I, = 2.68 in% were used for all the beams.

+inoluding fittings

988
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Table 1R
Dimensional Properties
Beams E
fbl 3 2 4
Speoimen n= length | Weight per A X 2/r
No. | unit length max
in. 1b/in. in® in%
1y 0 41,2 0.0862 0.824 | 3.81 19.2
2x 2] 77.2 .0841 «830 3.83 35.9
3 0.329 77.2 0918+ ———— ——— 35.9
4F «329 86,2 « 0898+ —— ————— 40.1
5E . 663 77.2 .0927+ ——— ~——— 36.9
6B 8683 86.2 .0883% ——— ———— 40.1
75 1,000 72,0 + 1290+ ———— ——— ———
81 1.000 38,0 . 1874+ -—— ———— ————

’ Ib _ extrems fiber bending stress
1 B =7 = Totel extrens Fiber stress— ot low loade

2  Ip.. = meximum principel moment of inertia of section

[

A = cross-sectional area

4 f/r = slenderness ratio -[{Z7E;;;, where the average

values A = 0.827 in® snd I___ = 5.82 in® were used for all the
beans,

+inecluding fittings

Table 1F
Dimensional Properties
Beans F
a2b length | Welght per A T A/r
Sp§:fmen " T unit length max
In. Ib/1n. ins ina
ip o] 8.30 ———— 0.777 ———— 5.1
er 0 68.2 0.0507 .778 2.08 28.0
3F 0.342 68.2 +0B08 778 2,05 35,7
4F <342 83.4 0509 «780 ———— 51.8
Sp 875 B8.2 .0505 774 2.08 35.7
oF 878 83.4 0509 <779 2.08 51.2
7 1,000 57.9 ———- —— ~——— ———
(=):4 1.000 22.8 ——— —— ——— ———

v n - gRmLb g st o tor ot
Imax = maximum principal moment of inertia of seotion
A =, cross~seotional area
2/r = glenderness ratio -.Zyﬁ7E;;;, where the average velues A
= 0.777 in® &nd I, = 2.08 in® were used for all the beems.
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Table 2
Mechanical Properties of Beam Material
(Average values) ]
v +h* Tenslle | Elongation
Young's modulus Yield streng strength| 1o 5 in.
Speoimen tension compression tension compression
1b/4n® x 108 | 1v/in® x 108 | 1b/in® 16/in2 | 1b/4n® | per cent
1A ——— 27:3 —————— ————— —————— ———
B. flanges 10.8 10.7 39,000 55 800 5%, 600 25.0
B. web 10.4 ———— 38,300 | ~e=me-- 59, 000 19.2
C. flanges 10.1 10.6 50, 800 44 600 87,500 18,7
C. web 10.4 ———— 58, 500 ————— 88, 000 16,0
D. flanges 10.3 10.4 46,800 42,400 59, 000 19.2
%. flanges 10.4 10.5 44, 300 37,000 62, 800 20.1
E. web 10.4 ———— 38, 600 “————— 59, 000 18,3
F. flenges 6.4 8.7 33, 000 33, 200 52, 600 g.0
*offset = 0.2 per ocent
Table 3A. ILoads, deflections, qingtresses at failure, beems 4
1 slend-!initial
N erness| ratic
Specimen ype f;;ig nefp Te| Po My fo iy Tin Tis Type of failure
16 I6=Ind —IG.| Ib/In? | Ib/1n2[Ib/In%
1A short 4,89 0 |30,700 - - 84,400 - - crinkling of
column flanges and web
2A long 32,3 0 }es, 200° - - 88,200 - - |orinkling of
column b b flanges and web
3A combined |[32,3 1334 (20,000 [18,400 500 90,6800 | 88,700 - crinkling of
flanges and web
44 combined 53.8 .185 [19,800 | 7,140 h.080%| 81,600 | 99,400 - crinkling of
flanges snd web
SA ocombined |382.3 .8668 |11,900 139,100 .760? |108, 100 218, 200 - |crinkling of
flanges and web
GA combined 63.8 « 880 8,740 |27,700 |2.280 856, 500 |1L02, 800 - crinkling of
flanges end web
84 dupl, |combined 53.8 .664 9,280 (29,200 +020 87,400 {108,200 - crinkling of
b flanges and web
7A transverse|---- {1,000 - 68,700 4 .83 85,800 ( 95, 800 - |(crinkling of com-
pend (67, 500) : pression flenge
b . pear load point
8A transverse |-=-- 1.000 - 29, 200 .19 54, 2004 54,200 - Crinkliing of web
shear in shear portion

dvalue for bending about axis of paximum stiffness
Lextrapolated value
Vatrain geges indicate bending about axis of least stirrneas
I,* axial load
Mp= bending moment
Sn= center deflection
ftl' total extreuwe fiber stress, from measured loads end oaloulated defleotion, at fallure
" measured "

(N "

= "

"
”

n
" N "
” "

strailn guges

" L

13
i = estimated load et fallure without stress ooncentration at intermediate load points
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Table 3B. loads, deflections, and stresses at feilure, beams B
slend-| initlel s . . s rail
Specd erness| ratio P ¥ ke £5 Type of fellure
imen Type rat%o n=fy /Ty ° b s t1 vz
r .
1b 1b-in. in. 1b/In® | 1b/In?] 1b/1In~
1B [short 11.2 o |[22,720¢ - - |28,300 - |31,500P [Buckling of flange
column (22,300) p | pear middle
2B |long 27.2 4] 21, 800 - - 26, 900 - 34,600 {Buokling of fleange
column near middle
3B |oombined } 27.2 « 369 13, 000 17, 500 .262 | 27,300 |27,600}32,200 jBuckling of flange
near middle
48 jcombined { 45.3 «347 13,110 18,000 .906 | 29,800 }31,400]31,800 Bugfling of flange
off-center
5B |ocmbined | 27.2 «698 8,350 33, 600 .425 | 27,500 }27,600([31,500 {Buckling of flange
_ neer middle
6B |combined } 45.3 705 6,310 34,700 | 1.417 |30,600 |31,500(32,200 |[Buckling of flange
) off-center
7B |transverse - 1.000 - 64, 400 .811 | 34,900 ]34, 900 - Buockling of com-
bend pression flange
8B |[transverse - 1.000 - 51, 000 «510 27,600b 27, 600 - Buckling or com-
shear pression flenge
near end

-8galue for bending about axis of meximum stiffness

bextrapolated value

Sstrain gages indloate either bending ebout axis of least stiffness or rotation of flenges

toward each other

Veaelue 1n parentheses 1s load at failure wlthout lateral bending,

combined load tests
P, = eaxial load
¥y, = bending moment

§o = center deflection

estimated from

fiq1= total extreme fiber stress, from measured loads and calculated deflection, at failure .
fip= " " " n o, n " ® meastured n y " n
fiz= " " L] LI 7 strein gages
Table 3C. Toads, deflections, and stresses at failure, beams C
slend-|linitlal S .
Spec- Type erness| ratio P M r ko by Type of failure
imen retio |nefy/fy ° v ° sl 2 3
g/ re
1b lb=-1n. in. Lb/ins | 1b/In<] 1b/In<
1c [short 11.2 o | 24,9009 - - {31,100 - 35,000 |Buokling of flange
dolumn X27,400) b
. &C .1on% 27.2 0 ['27,400 - - 34,200 - 38,800 |Buckling of flange
oolumn
8C |[combined 27.2 373 15'300J 20,800 .286 132,500 [32,600 |38,800 |Buckling of flange
off-center
4C |combined 45.3 | .347 |14,1009 17,200° | .791°|34, 200% 34, 200°] - Buckling of flange
off-center
5C {combined 27.2 <899 7,440 | 39, 700 «477 |32, 8600 | 33,200 {37,700 |Buckling of flange
. near middle
6C ;jcomblned 45,3 .708 7,130 | 39,200 ]1.394 |35,300 |35,800 (40,500 |Buckling of flange
7C |transverse - 1.000 - 57, 600 P «655 |31,200 | 31,200 - Bucklling of flange
bend (70, 500} (38, 200) after lateral in-
stability in
previous test
8C |[transverse - 1.000 - 60, 800 .618 32,900b 32, 900 - Tearing of web
shear . . in shear portion
8value for bending about axis of maximum stiffness

extrapolated value
Ostrain gages indicate elther bending about axis of least stiffness or rotation of flanges

toward each other.

from combined load tests.
@results doubtful, due to excessive friotion in testing machine
estimated load at fellure without laterel instability in previous test.

P
X
$o

Ler= Lo
t1
Tia=

= axial load
= bending moment
= c¢enter deflection

”

ft3= " n n

"

n

tel extreme fiber stresa, from measured loads &
n tn 1] ” ” "

gtrain geges

Value in parentheses 1s load at fallure without lateral bending, estimated

nd caloculated deflection, at failure
" measured "

s " n
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extrapolated value

valus for bending about axis of maximum stiffness

NACA TN No. 988
Table 3D. loads, deflections, and stresses at fallure, beams D
slend~] Inltlal a
Spec~ Type |ernes ratio | Pq ¥b So Ty Tgo Tis Type of fajlure
imen ratio | n=rp/f¢
L/x®
ib Ib-in. in, 15/In~ [1b/in~ | 1b/inZ
1p |short 17.1 0 27,800¢ - - 31, 50C - 35,600 |[Buckling of flenge
column (33, 200)
2D |lon a7.8 0 25,8000 - - 29, 30¢ - 31,500 }(Buckling of flange
column (29,8600)
3D |oombined |R5.8 .368 20,500 1| 16,400 .198 | 28,400 }39,500 |41,900 |Buckling of flange
e o b b near middle
4D |combineda |31.0 } .335 18, 400° | 13,400° | .187°7 34, 400%|34, 100237, 2008PBuckling of flange
off-center
6D |oombBined 23,6 «891 11,000 35,100 « 334 42,70C {43,300 |41,500 [Buokling of flange
near miadle
86D |occmbined |[31.0 | .89 9,340 | 28,800 | .488P | 37,400 |37, 900°|38,200° |Buckling of flange
off-center
7D tgansverse - 1.000 - 64,100 .80 50,900 | 50,900 - Buokling of flange
enad
8D |transverse - h.000 - 44, 600 - 35,200 35,200 - shearing of rivets
shear in sheer portion
e

Satraln gages indicate elther bending about axis of least stiffness or rotetion of flanges

toward each other

estimuted from combined load tests,
daverage oompressive stress on gages
8regults doubtful, due to excessive friction in testing mechine

P, = axiael load
Mp = bending moment

8§, = center deflection

Value in parentheses is load at failure without lateral bending,

axtrapolated value
Cycrain geges indicate elther bending about axis of

towards each other.

value in parentheses 1s load at failure witho

estimated from combined load testis. N
dfrom maximum compressive strain read on any gege

p_= axieal load

Mg- bending moment
§ 4= center deflection

fgy= total ext{eme ri

"
"

. on

L

1"
”

ber stress,
"

from measured loads &
”

" "

L}

strain gages

L4

"

fi1= total extreme fiber stress, from measured loads and caloulated deflection, at fallure
Tep= ™ " " "o, " " n measured n , "
fea= " " " ", " ptrain geges
Table 3K. ILoads, deflections, and stregsea at fallure, beams B
slend initial
Spec+ Type ernesq ratio | Pq My So Ty Tye fepd Type of failure
imen fg}ig nefy /Ly
T
1lb “lb-in in. 1ib/inw® 1b/ Ine 1b/ 1ne
1E [short 19.2 0 25,0000 - - 30, 200 - 38,7000 [Buckling of flange
27,000
27 1:;;umn 35.8 | o (21:500 - - 26, 000 - |28,500 |Buckllng of flenge
column (25,800) Kt .
5E {oombined|{36.9 «3290 18,300 14, 800 .59 33, 000 35,700 37,100 B:g migglg ange
4% loombined}40.1l « 329 14, 700 13, 300 .80 30,300 B34, 300 {38, 000 B:gk;igglzr flange
5L |oombined|356.9 | .663 8,640 | 31,400 .87 {34,700 | 38,000° |37, 500" Bugk;iﬁglot flange
. 8 e
6% |oombined|40.1 | .683 8,320 | 30,200 | 1.08P {34,300 | 5,800P}|38, 6007 B::k;igglgf flenge
72 |transverse - 1.000 - 58, 200 1.28Y |38, 200 38, 200 za,ooob Buckling of flange
bend b
- . - 47, 050 .53 30,900 30, 900 - Shearing of rivets
oF tggg::erse -+ 000 ’ ' ' in shear portion
pvelue ror vending 860Ut 8x18 Of mexlmum Btiliness

least stiffness or rotation of flanges
ut leteral bending,

,

nd calounlated defleotion, &t failure
measured

L "
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Table 3F. Loads, deflections, end stresses at feilure, beams P
siend~| initial : a
Speo4  Type erness| ratio P, My, $° o1 Ts2 L¢3 Type of fallure
imen ratio | n=fy,/fy .
£/r2 R
Ib | 1b-in.| in. [ib/1n® |16/inZ | 1b/in2
IF |short 5.1 ° 16, 500 - - {21,300 - 26,800° |Buckling of flange
column
2F |long 28.0 0 15, 800 - - |20,300 - 22,4000 |Buokling of flange
column
3F Joambin 1 | 35.7 | .342 [11,500 | 7,940 ]0.39°|26,200 |26,800P|28,000° {Buckling of flange
4F |combined 51.28 .342 [10,300 | 7,180 | .95P {29,700 |29, 700%(30,000° |Buckling of flange
5F |cocmbinea | 35.7 .675 | 6,950 |19,200 | .75%|32,400 |32,800°|32,000° |Buockling of flange
6F loombined 51.2 678 8,000 [16,600 |1.52P|32,500 |32, 600" sa,ooob Buckling of flange
7F |transverse - 1.000 - 86, 300 1.18° 35,500 |35,500 - Buckling of flange
bend
8F |transverse - 1.000 - 37,200 | .20 |38,300 }36,300 - Buckling of flange
ghear

8value far bending sbout axis of maximum stiffness; £= half length for flat end column
bextrapolated value
from strain at oenter of rlange

tests

P, = axial load
¥y = bending moment
$§o = center deflection
fy3= total extreme fiber streee, rrom meaeured 1oede and calculated derleotion. at feilure
fyg= * ’ " measured N
fia= " n " L etrain gegee
Table 4
sheer Specimens 'at Failure
No. | Area* WebX Shear load | Shear Stress [ Type of fmilure
A - b
S Y R R
in® in. in, 1o 15/Tn
8s " | 0.370 | 5,00 | 0.020 3860 2860 38500 buogling of shear
we
8B 0.802 | 6.1 00,0325 5480 6830 27600 | buckling of ocom-
pression flange in
shear bay
80 0.802 |8.1 0. 0328 8520 8140 33000 | rupture of shear
. web
8D 0.881 | 4.25 | 0.083 7420 8430 27800 | fallure of rivets
in shear web
8B 0.827 15,00 | 0.0417 3920 4740 18800 " ”
8r 0.777 | 4.00 | 0.090 1880%* 2420%*| 5230**failure in bending

X h = height of section in plane of web
t = thickness of web

* matimated from measursd values, table 1A to 1F

** Failed

be larger.

in bending.

For fallure ln shear, this wvalue might
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Table 5
Calculated and Measured Sectlion Constants
Beanm From sectional From stress-load
dimenslions curve at low loads
A I A X
in2 in% in® in4
1A 0.564 1.846 ——— ———
24 | ememe | meee- —— ———
3A ] emces eaaaa —— -——-
4 A ] emeee | eeeaa ——— -
SA | W memem= | eeee- ——— ——
B8 A ] @ ecece ]eaeaa —— ———
7A ! ecace | eaeea —-——— ———
BA }J]  eecen | eoca- —-——— ———
AvVg. <504 1.846 -——— ——
1B ]  emece | eeae- 0.809 -
8RB | meeee | eeee- .81l1 -
5B 0.819 5.70 «865 5,61
4 B .792 6,45 . 827 5.40
5B .812 5.83 847 5.43
6 B 799 5.55 .808 5.27
7B | emea- - ———— ————
8B | @ ecaea -———— ———— ————
ive. 0.805 | 5.58 0.888 | 5,43 |
1 ¢ | meee- ———— 0.7586 ————
2¢ | @ eee—- ———— . 794 ————
3 C 0.810 5.60 «750 5.33
4 C .8l4 5.68 | e=we- ————
5¢ . 795 5.49 .790 5.45
6 C .782 5.37 +818 5.48
7¢ | @ oewee- e | eee—— ———
B¢ ] emee- m——— |  emea- ——— :
AVg. 0.800 [D.ol 0.780 | ©6.48
1D | W eeaw- ———— 0.870 ————
2D | =eee- ——— 872 ———
3D 0.885 2.70 . 882 2.41
4D .873 2,83 | eemwe- ————
5D «896 2.71 . 963 2.74
6 b +869 2.66 878 2.5%
7D | emeee- ——— ———— -
8D -———— ——— ————— -
AvVg. 0.881 Z.68 0.871 200 I
1B 0.824 3.81 0.840 ———
2R 830 3.83 .830 ————
B3R | eeeme- —~——— +825 3.67
4B | eeee- ———— 808 3.85
G B ] | eem———- ———— .827 3.81
BE | ceew- ———— .823 3.91
7B | | eeee- ——— ——— 3.72
88 | esa=- ———— -—— 3.57
Ave. 0.827 | 3.88 U.885 .
1 F 0.777 ———— ———— ————
2r 776 2,06 - ———
3 r .778 2.05 0.777 2.11
4 F .780 ———— .750 2,15
B F 774 2,08 . 724 2.08
6 F .779 2,06 764 2.09
7P ———— ———— ———— 2.15
BF | @ amee-- ——— - 2.09
ive. 0.777  E2.08 0.754 E.II
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Table 8
Stiffness Ratio

T¥pe Description - Flexural rigidity | Welght per |Dimensionless
lei 2 unit length stiffnea; ratic
~1ln w xx
1b/inX (EI)/(%

A stainless steel 5.02 x 107 0.1148 3.70
box beam

B {17S-T Al T beam 5.74 x 107 0.0994 5.59
parallel flanges

O |[24S-T Al I beam 5.74 x 107 0.0988 5.89
parallel flanges

D |248~T Al T beam 2.76 x 107 0.0883 . 5.41
ocurved flanges

E [17S-T Al I beam 5.98 x 107 0.0840 5.42
tilting flanges

* |AMS9S-T Mg I beam | 1.35 x 107 0.0510 5,00
parellel flanges

Xnot including welght of rittings

bl %g;? = stiffness of hypothetical rectengular beem of depth

(]

to that of the b d made of aluminum a
E, = 10.5 x 108 iﬁ?igﬁ

Table 7 - Strength ratios

Welght w, 1b/in 2

12 times its width, hédving a weight per unit length equal
l%oy having
and Y= 0,1005 1ib/in°.

Tybe A B c D pA ?
Beams 1 to 8 | 0.1142 }0.0994 ] 0.0968 |0.0883 | 0.0840 | 0.0510

Axiel losd tatilo, Po/Pp °

Type A B [¢] D B F
1 0.676_ | 0.583 |o0.715% | 0.944% | 0.808¢ | 0,814

. ] ;5684 | .B44 714 8448 | 7548 | 778

3 445 .329 .398 . 583 .488 .588
4 432 331 366d | .524d | .[440 .509
5 .262 .160 .15 313 .288 348
8 198%>4 ,1s59 .185 .264 . 249 296

Total bending moment ratio, M./ °

Type A " B [+] D = by
3 0.948 .922 |1.181, {1.078, | 1.380 | 1.487
4 0.998 [1.287 |1i.2982( .aved|1.420 |=.030
5 i.720 '3i.800 [1.881 |=2.081 |=2.207 }2.951
6 1.709%:91.019 | 2.281, |1.81% | 2.220 |3.1l08
7 2,4119 ) 2.835 |3.2%0% |B.370 [ 3.208 | 4.352
8 1,041 |2.247 |2.780 |2.342 | 2.687 |4.458

shesr load ratilo, Pb/Qh 8

Type A B 0 D = ¥
8 0.1%34 |o0.231 }o0.28% | 0.352 | 0.198 | 0.155°

31



33 NACA TN No. 988

Table 7 -~ (continued)
83efinition of symbols

w = weight ver unit length of beam excluding fittings

Py = axial load at failure

P, = axial load at fallure of hypothetical beanm,
equation

Mg =My + Poy = total bending moment at fallure

My = total bending moment at fallure lor hyvothetical
beam, equation 6

Pp = shear load at failure

Qn = shear load at fallure for hypothetical bsam,

equation

Pthis beam failed in bending rather then shear. The shear load
given 18 the shear load at failure in bending. A beam of the
same tyve designed to fall in shear might fail at a higher
shear load

Caverage for specimens 6A and 6A (duvl.)
dquestionable velue, see table 3

Table 8 - Comparison between measured loads snd computed
loadsa as outlined in seotion 5 for specimens
under oombined loed.

Specimen eagurad loads Qomputed loads Difference
%IaI Prinary AxTal | Primary | ’
load |bending load | bending

Peo moment Pe mement
Mp Mp
1o in-1b 1o in=-1b peroent
3A 20,200 } 16,500 19,900 | 1é,200 +2
4A 19,600 7,140 18,700 7,180 -1
5A 11,900 | 39,100 10,900 | 38,800 +9
8A 8,740 | 27,700 9,810 |-29,200 -5
8A approx. 9,280 | 29,200 9,250 2¢,100 5}
3B 13,000 | 17, 800 14, 000 18, 800 -7
4B 13,100 |16, 000 12,800 15, 600 +2
8B 8,350 | 33, 800 7, 280 38, 600 =13
8B 8, 310 | 34, 700 8,400 3E, 200 -1
30 15,300 { 20,800 18,200 2z, 000 -8
4C 14,100 | 17,200 14, 300 17, 500 -2
0] 7, 440 {39, 700 8,100 43, 200 -8
éc 7,130 | 39, 200 7,080 3&, 900 +1
3D 20, 600 | 16,400 21, 700 17,400 -8
4D 18,400 | 13, 400 21, 000 18,300 =12
5D i1, 000 } 35,100 11,500 | 38,700 - 4
8D 9,340 | 29,800 10,900 34,800 =14
3B 16,300 | 14,700 18,300 14, 700 o}
4P 14,700 | 13,300 15, 700 14, 200 -8
SB 8, 640 | 31, 400 8, 850 31,400 4]
88 8,320 | 30, 200 8, 450 30, 700 -2
3F 11, 500 7, 940 11,100 7,860 +4
4P 10, 300 7,150 9,340 6,460 +1l
ol 8,950 | 19,200 6, 400 17, 700 + 9
6F 6, Q00 | 18, 600 5, 510 15, 200 + @
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Figure 3.- Short column test of beam 1F.
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Figure 56.- Long column test of beam 3F.
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Figure 6.- Short column test of beam 1E.
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Figure 10.- Machine for combined load tests of specimens of types
A, B, C, and of specimens 4D, 6D,




Figure 11.- Fixture for combined load tests of specimens of types
E, F, and of specimens 3D, 5D.
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